1. Introduction {#s0005}
===============

Cancer is one of the most common causes of death of the humanity. Chemotherapy is applied after surgical treatment of most cancers ([@b0015], [@b0100]). However, clinically used anticancer drugs present systemic toxicity and strong side effects on normal tissues and organs. Doxorubicin (DOX), an anthracycline antibiotic, is an efficient chemotherapeutic drug which has been used in clinics for over forty years. The potential side effects that can cause multi-organ toxicities especially cardiotoxicity have to be taken into consideration for systemic medication ([@b0005], [@b0190], [@b0090]).

Topical treatment of cancers presents great interest as it allows to ensure adequate drug dose in the lesion and to reduce the side effects related to systemic medication. Various novel drug delivery carriers have been investigated, including hydrogels ([@b0085], [@b0145], [@b0150]), micelles ([@b0125], [@b0070]), nanoparticles ([@b0075]), nanogels ([@b9005]), liposomes ([@b0055], [@b0030]), etc.

Hydrogels are a three dimensional network formed by hydrophilic or amphiphilic polymers via physical or chemical crosslinking, and thus are capable of absorbing large amount of water without dissolution. Since the pioneering research by Wichterle and Lim. dating back to 1960 ([@b0170]), hydrogels have been widely investigated for biomedical and pharmaceutical applications in drug delivery ([@b0110], [@b0060], [@b0095]), tissue engineering ([@b0025], [@b0035]), cell scaffold ([@b0020], [@b0165]) and wound dressing ([@b0065], [@b0045]). In particular, injectable hydrogels can achieve high drug concentration and sustained drug release at the target site, which well complies with the requirements of topical treatment ([@b0010], [@b0140], [@b0215]). Meanwhile, drug delivery by injection allows to effectively reduce the pain and cost related to invasive surgery.

In the past decades, a great deal of research has focused on drug delivery systems prepared from amphiphilic block copolymers composed of a hydrophilic block such as poly(ethylene glycol) (PEG), and a degradable and hydrophobic polyester block such as polylactide (PLA), polyglycolide (PGA), poly(ε-caprolactone) (PCL) and poly(trimethylene carbonate) (PTMC). These copolymers are most promising as drug carrier as they are able to form hydrogels by crosslinking, or nano-sized aggregates by self-assembly. PTMC is an amorphous polycarbonate with a glass transition at −12 °C ([@b0155]). It is thus an elastomeric material at room temperature, and has been used as a softening component in biodegradable copolymer sutures such as Maxon® and Biosyn®. In contrast to polyesters, no acidic species are produced during degradation of PTMC ([@b0160], [@b0175]).

Zhang et al. reported hydrogels prepared by photo-crosslinking acrylate functionalized PTMC--PEG-PTMC copolymers ([@b0200], [@b0205]). The resulting hydrogels exhibited low elastic modulus and high toughness, and were used as cell scaffold by culturing mesenchyme stem cells and bovine chondrocytes for cartilage tissue engineering. Sharifi et al. investigated PTMC--PEG-PTMC copolymers as an injectable macromer which solidifies in situ upon illumination with visible light ([@b0115]). The potential of the materials to seal an opening in the annulus fibrosus was evaluated. The authors also reported nanocomposite hydrogels prepared from PTMC-PEG-PTMC and clay nanoparticles ([@b0120]). However, little research has been done on the potential of PTMC--PEG-PTMC hydrogels as carrier of antitumor drugs, so far.

Biocompatibility is a prerequisite for use of a biomaterial in the body's tissues and organs. Ideally, gel formation proceeds in aqueous medium, wherein bioactive agents or cells are dissolved or suspended. Reaction involving high temperature, toxic crosslinkers such as hexamethylene isocyanate or glutaraldehyde should be avoided. Therefore, photo-initiation that generates free radicals upon exposure to light is a method of choice due to mild reaction conditions. Lithium phenyl-2,4,6- trimethylbenzoylphosphinate (LAP) has been used as water soluble type I photo-initiator to prepare PEG diacrylate hydrogels with encapsulation of cells ([@b0080], [@b0040]). Gelation is achieved under visible light irradiation, in contrast to ultraviolet light used in the case of I2595 as photo-initiator.

In this study, a series of PTMC-PEG-PTMC triblock copolymers were synthesized by ring-opening polymerization of TMC in the presence of PEG with Mn of 6 K and 10 K g/mol, using low toxic stannous octoate as catalyst. Acrylation of both ends of copolymer chains was realized using acryloyl chloride. PTMC-PEG-PTMC diacrylate hydrogels were prepared through photo-crosslinking using LAP as photo-initiator. The chemical structure, swelling ratio and weight loss of hydrogels were determined. *In vitro* biocompatibility of hydrogels was evaluated from the aspects of cytocompatibility and hemocompatibility. Meanwhile, drug loading and drug release behaviors of the hydrogels with various compositions were investigated using doxorubicin (DOX) as a hydrophilic model drug. The effect of drug loaded hydrogels on proliferation of tumor cells was evaluated *in vitro* by sulforhodamine B (SRB) assay.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

PEG with Mn of 6 K and of 10 K g/mol was obtained from Sigma-Aldrich (USA), and vacuum dried at 60 °C overnight to remove residual water before use. Stannous octoate, trimethylamine (TEA), DOX, acryloyl chloride, dichloromethane, dimethyl phenylphosphonite, 2,4,6-trimethylbenzoly chloride, lithium bromide, and 2-butanone were purchased from Aladdin (China), and used as received. Diethyl carbonate, 1,3-propanediol, dimethylbenzene, dibutyltin dilaurate, zinc powder and sodium metal were supplied by Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). SK-BR-3 and L929 cells were purchased from ATCC (USA). Fetal bovine serum (FBS), pH 7.4 phosphate-buffered saline (PBS), MoCoy 5A and DMEM with penicillin and streptomycin were obtained from Gibco (USA). Transwell with PC membrane was purchased from Corning (USA).

2.2. Synthesis of polymers {#s0020}
--------------------------

TMC was prepared according to the procedure reported in literature ([@b9000]). Typically, 152 g 1,3-propanediol, 248 g diethyl carbonate, 100 mL dimethylbenzene, 0.2 g dibutyltin dilaurate and 0.02 g sodium metal were refluxed at 145 °C for 6 h. Excessive dimethylbenzene and unreacted diethyl carbonate were eliminated by distillation. Thermal decomposition and cyclization then proceeded at 180 °C for 12 h using zinc powder as catalyst. The crude product was purified five times by recrystallization from a mixture of acetone/ethyl ether (v/v = 1/3), followed by vacuum drying at room temperature for 72 h.

PTMC-PEG-PTMC triblock copolymers were synthesized by ring opening polymerization of TMC, using PEG as macro-initiator and Sn(Oct)~2~ as catalyst as previously described ([@b9010]). Briefly, predetermined amounts of PEG, TMC and Sn(Oct)~2~ were transferred into a dried flask, and degassed. Polymerization then proceeded at 130 °C for 3 days under N~2~ atmosphere. The crude products were dissolved in dichloromethane, precipitated in cold diethyl ether, and then vacuum dried at 60 °C up to constant weight.

Acrylation of the hydroxyl endgroups of PTMC-PEG-PTMC triblock copolymers was realized by esterification using acryloyl chloride. The copolymer was dissolved in dichloromethane under N~2~ atmosphere. TEA was added under stirring for 30 min in an ice bath. Acryloyl chloride in dichloromethane was then added to the mixture dropwise. The molar ratio of the hydroxyl endgroup/TEA/acryloyl chloride was set at 1:2:2. The reaction first proceeded in an ice bath for 30 min, and then at 40 °C for 24 h under N~2~ protection. The reaction mixture was cooled down to room temperature, and precipitated in cold diethyl ether. The precipitates were vacuum dried for 3 days after filtration, dissolved in deionized water, dialyzed against deionized water over 3 days, and finally lyophilized to yield a diacrylated copolymer, PEG-PTMC-DA. PEG-DA was synthesized from PEG and acryloyl chloride under similar conditions.

2.3. Synthesis of photo-initiator {#s0025}
---------------------------------

Dimethyl phenylphosphonite (0.01 mmol) was added to a three-neck flask under N~2~ atmosphere at room temperature. 2,4,6-Trimethylbenzoyl chloride (0.01 mmol) was added dropwise to the flask under continuous stirring. The reaction mixture was stirred for 24 h. Lithium bromide (0.04 mmol) in 60 mL 2-butanone was then added, and the reaction mixture was heated to 50 °C. After 10 min, a solid precipitate was obtained. The mixture was cooled down to ambient temperature, kept for 4 h, and then filtered. The filtrate was washed 3 times with 2-butanone to remove unreacted lithium bromide, and vacuum dried for 3 days to yield LAP in the form of a white powder.

2.4. Preparation of hydrogels {#s0030}
-----------------------------

PEG-PTMC-DA hydrogels were prepared by photo-crosslinking using LAP as water-soluble initiator. LAP (0.1 w/v%) and end-functionalized PEG-PTMC-DA or PEG-DA polymers (30 w/v%) were separately dissolved in deionized water. 0.5 mL of each solution was added in a flask and homogenized. The mixed solution was centrifuged at 3000 rpm for 5 min to remove bubbles, and then exposed to visible light (405 nm, 3 W) for 2 min to yield photo-crosslinked PEG-PTMC-DA or PEG-DA hydrogels.

2.5. Characterization {#s0035}
---------------------

Proton nuclear magnetic resonance (^1^H NMR) spectra were recorded at room temperature using on a Bruker AVANCE 500 spectrometer (Billerica, USA) operating at 500 MHz. Chemical shifts (δ) were given in ppm using tetramethylsilane as internal reference. CDCl~3~ and D~2~O were used as solvent.

Gel permeation chromatography (GPC) was carried out on a Shimadzu apparatus (Kyoto, Japan) equipped with a Waters 410 refractometer, using tetrahydrofuran (THF) as the mobile phase at a flow rate of 1.0 mL/min. The sample concentration was 1.0 mg/mL, and polystyrene standards were used for calibration.

Differential scanning calorimetry (DSC) was performed using a DSC10 instrument (TA Instruments, USA). Samples of *c.a* 5.0 mg were heated from 25 to 100 °C at a rate of 10 °C/min to determine the melting temperature (T~m~) of polymers.

The degree of swelling and weight loss of hydrogels were determined to evaluate their stability in aqueous media. Predetermined amount (W~0~) of PEG-PTMC-DA or PEG-DA copolymer was photo-crosslinked to yield a hydrogel sample as described above. The samples were immersed in pH 7.4 phosphate buffered saline (PBS) at 37 °C. 0.02% w/v NaN~3~ was added to the medium to prevent bacterial growth. Samples were taken out after 48 h, gently wiped with filter paper, and weighed to obtain the wet weight (W~1~). Subsequently, the samples were lyophilized and weighed again to obtain the dry weight (W~2~). The degree of swelling and degree of weight loss were calculated using the following equations:$$Swelling{(\%)} = \frac{W_{1} - W_{2}}{W_{2}} \times 100\%$$$$Weight\mspace{900mu} loss{(\%)} = \frac{{W_{0} - W}_{2}}{W_{0}} \times 100\%$$

The morphology of freeze dried hydrogels was visualized by scanning electron microscopy (VEGA3 TESCAN, Czech Republic) operating with an accelerating voltage of 20 kV. The samples were quenched in liquid nitrogen, carefully fractured, and gold-coated by sputtering before measurements.

2.6. *In vitro* biocompatibility {#s0040}
--------------------------------

### 2.6.1. MTT assay {#s0045}

L929 cells were used to assess the cytotoxicity of hydrogels. Extracts of freeze dried hydrogels were obtained by soaking the samples in PBS at 0.5--5.0 mg/mL for 72 h. L929 cells in logarithmic growth phase were harvested and diluted to a density of 5 × 10^4^ cells/mL with DMEM culture medium supplemented with 10% FBS, 100 U/mL penicillin and 100 µg/mL streptomycin. 100 µL cell suspension was distributed in each well of a 96-well plate, and incubated for 24 h at 37 °C in a humidified atmosphere containing 5% CO~2~. 100 µL extracts of freeze dried hydrogel were then added in each well. After 24, 48 and 72 h, the medium was replaced with DMEM and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT). After 4 h incubation, the liquid was removed and DMSO was added. The optical density (OD) was measured by using a microplate reader (Elx800, BioTek, USA) after 10 min shaking. All measurements were made in triplicate. The culture medium and a 0.5% aqueous solution of phenol were used as the negative control and positive control, respectively. The cell relative growth ratio (RGR) was calculated from the OD values of the test sample and the negative control according to the following equation:$$RGR\left( \% \right) = \frac{\mathit{OD}_{\mathit{test}\mspace{900mu} sample}}{\mathit{OD}_{\mathit{negatie}\mspace{900mu} control}} \times 100\%$$

The cytotoxicity is noted in 0--5 levels according to the RGR value. Level 0 corresponds to a RGR value above 100, level 1 to 75--99, level 2 to 50--74, level 3 to 25--49, level 4 to 1--24, and level 5 to RGR of 0.

### 2.6.2. Hemolysis test {#s0050}

Fresh blood was collected from the heart of four weeks old New Zealand rabbit, anti-coagulated (blood: 3.8% sodium citrate = 9:1), and diluted with 0.9% physiological saline (blood: saline = 4:5, v/v) for hemolysis test.

Hemolysis test was performed as described previously ([@b0130]). 10 mL extract at 1.0 mg/mL was added into a silanized beaker, and thermostated in a 37 °C water bath for 30 min. 0.2 mL diluted rabbit acid-citrate-dextrose (ACD) was then added. After 60 min, the solution was centrifuged at 2500 rpm for 5 min. The OD value of the supernatant was then measured at 540 nm. Physiological saline and distilled water were used as negative and positive controls, respectively. The hemolytic ratio (HR) was calculated from the OD data of the test sample, negative control and positive control using the following equation:$$HR\left( \% \right) = \frac{\mathit{OD}_{\mathit{test}\mspace{900mu} sample} - \mathit{OD}_{\mathit{negative}\mspace{900mu} control}}{{\mathit{OD}_{\mathit{positive}\mspace{900mu} control} - OD}_{\mathit{negatie}\mspace{900mu} control}} \times 100\%$$

### 2.6.3. Dynamic clotting time {#s0055}

The dynamic clotting time was measured using the method described previously ([@b0210]). 25 µL extract of freeze-dried hydrogel containing 0.025 M CaCl~2~ was added in a siliconized tube, and thermostated at 37 °C for 5 min. Then, 200 µL ACD was added to the tube and homogenized. After pre-determined time intervals, 20 mL distilled water was slowly added to the tube. The OD value of the supernatant was determined using a microplate reader at 490 nm wavelength. The relative clotting time of each sample was determined from the OD value versus time plots. Experiments were performed in triplicate. Glass tube and siliconized tube were used as positive and negative controls, respectively.

2.7. *In vitro* drug release {#s0060}
----------------------------

DOX release from PEG-PTMC-DA and PEG-DA hydrogels was realized under *in vitro* conditions. Briefly, 50 mg dried hydrogel was immersed in DOX solution at 5.0 mg/mL, and allowed to swell for 24 h. Drug loaded hydrogel was washed 5 times to remove drug at the surface, and then placed in 10 mL pH 7.4 PBS. Drug release was performed at 37 °C in a water bath shaker at 80 rpm. At pre-determined time points, all the release medium was removed, and replaced with the same volume of medium. The content of DOX in the release medium was determined by using a microplate reader at 490 nm (Spark®, Tecan).

2.8. *In vitro* anticancer activity {#s0065}
-----------------------------------

Sulforhodamine B (SRB) assay was used to evaluate the effect of free drug and drug-loaded hydrogels on proliferation of human breast cancer SK-BR-3 cell line (ATCC, HTB-30). 5 mg DOX was dissolved in 1 mL PBS. 50 mg dried gel was then added to the solution, and allowed to swell overnight to yield a drug-loaded hydrogel which was then freeze dried for 48 h. A weighed piece of drug-loaded hydrogel was used to determine the drug content. Cell suspension was prepared at a density of 5 × 10^4^ cells/mL in McCoy's 5A culture medium supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin and 10 mM HEPES (pH 7.3). 1.0 mL suspension of SK-BR-3 cells was added to each well of a 24-well plate, and incubated for 24 h at 37 °C in a humidified atmosphere containing 5% CO~2~ to allow cell adhesion. The culture medium was then removed, and transwell inserts with a polycarbonate porous membrane (0.4 µm pore size), containing gel samples, were placed in wells. Subsequently, culture medium was added at both sides of membrane and cell incubation then proceeded for 72. Cell incubation then proceeded for 72 h. Untreated cells were used as negative control.

At the end of the incubation period, the medium was withdrawn. The cells were fixed with 10% trichloroacetic acid for 1 h at 4 °C, washed three times with deionized water, dried completely under laminar flow cabinet, and finally stained with 0.4% sulforhodamine B solution (dissolved in 1% acetic acid). Unincorporated dye was removed by three times rinsing using 1.0% acetic acid, and incorporated dye was solubilized in 10 mM Tris base solution. Absorbance was measured at 570 nm and 690 nm (background absorbance) using MRX Revelation plate reader (Dynex Technologies). All experiments were realized in triplicate. For statistical analysis of the results One-way ANOVA was used.

3. Results and discussion {#s0070}
=========================

3.1. Characterization of copolymers and photo-initiator {#s0075}
-------------------------------------------------------

Two series of PTMC-PEG-PTMC triblock copolymers were synthesized by ring-opening polymerization of TMC, using dihydroxyl terminated PEG with M~n~ of 6 K or 10 K g/mol as macro-initiator and stannous octoate as catalyst. The theoretical degree of polymerization (DP) of both PTMC blocks was 20 and 30, respectively. A typical ^1^H NMR spectrum of PTMC-PEG-PTMC copolymers is shown in [Fig. S1](#s0130){ref-type="sec"}. The DP of TMC moieties was calculated from the integrations of the methylene protons of TMC and ethylene oxide repeating units. The obtained DP values are 17 and 27 for the PEK6K series, and 18 and 32 for the PEG10K series, which are very close to theoretical data as shown in [Table 1](#t0005){ref-type="table"}. The triblock copolymers are named as PEG~x~-PTMC~y~, which x refers to the M~n~ of the PEG block and y to the total Mn of both PTMC blocks. The M~n~ of copolymers is 7730 and 8750 g/mol for the PEK6K series, and 11,840 and 13,260 g/mol for the PEG10K series.Table 1Characterization of PEG-DA and PEG-PTMC-DA copolymers and hydrogels.CopolymerDP~PEG~DP~PTMC~Mn~NMR~ (g/mol)DS (%)Mn~GPC~ (g/mol)*Ð*HLBT~m~ (°C)Hm (J/g)Swelling (%)Weight loss (%)PEG~6k~-DA136----54.6------57.1164.72490 ± 18029.7 ± 1.0PEG~6k~-PTMC~1.7k~-DA13617 (20)773061.448401.2815.552.5108.41780 ± 9023.7 ± 2.7PEG~6k~-PTMC~2.7k~-DA13627 (30)875065.157701.6013.752.376.91340 ± 5011.6 ± 4.1PEG~10k~-DA227----50.0------62.5184.25880 ± 25038.6 ± 1.5PEG~10k~-PTMC~1.8k~-DA22718 (20)11,84056.083701.4316.956.4132.52470 ± 8029.4 ± 6.0PEG~10k~-PTMC~3.2k~-DA22732 (30)13,26058.089101.2215.155.9105.81620 ± 22013.9 ± 8.0

[Fig. 1](#f0005){ref-type="fig"} shows the NMR spectrum of acrylate functionalized PEG~10k~-PTMC~1.8k~-DA. Signal **a** at 3.66 ppm is attributed to the CH~2~ protons of PEG main chain. Signals **b** and **c** at 2.05 and 4.24 ppm belong to the central and lateral methylene groups of PTMC. Three small signals detected at 5.60--6.30 ppm are assigned to the acryloyl group. The degree of substitution (DS) of the acryloyl group at both ends of copolymer chains was calculated from the integrations of end acrylate protons and methylene protons of ethylene oxide moieties.Fig. 1^1^H NMR spectrum of PEG~6k~-PTMC~2.7K~-DA copolymer in CDCl~3~.

The DS of PEG-PTMC-DA ranged from 50.0 to 65.1%, indicating successful acrylation of the hydroxyl endgroups ([Table 1](#t0005){ref-type="table"}). The DS value of PEG~10k~-DA is 50.0% which is lower than that of PEG~6k~-DA (54.6%) due to the reactivity difference of terminal hydroxyl groups. The same trend is observed for the two groups of copolymers with similar PTMC block lengths as the DS values of PEG6K based copolymers are higher than those of PEG10K based copolymers. On the other hand, the DS values of the copolymers are higher than those of PEG-DA for both series. Apparently the reactivity of terminal hydroxyl groups could be slightly enhanced with attachment of PTMC blocks. Similar findings have been reported in the case of PCL-PEG-PCL copolymers. Xu et al. obtained DS values of 55, 59, and 60% for PEG~20k~-DA, PEG~20k~--PCL~22k~-DA, and PEG~20k~--PCL~24k~-DA, respectively ([@b0180]).

The molecular weight and dispersity (*Ð*) of the copolymers were also determined by GPC. As shown in [Table 1](#t0005){ref-type="table"}, the Mn~GPC~ varies from 4840 to 8910, *i.e*. lower than the Mn values obtained from NMR. This difference could be attributed to the fact that the Mn~GPC~ was determined on the basis of hydrodynamic volume of copolymers in the eluent with respect to polystyrene standards. The dispersity of the copolymers ranges from 1.22 to 1.60, in agreement with a narrow distribution of molecular weights.

The hydrophilic-lipophilic balance (HLB) is a key parameter of amphiphilic copolymers. It was calculated according to Griffin's method ([@b0050], [@b0195], [@b0135]).$$\mathit{HLB}_{\mathit{copolmer}} = \frac{W_{\mathit{PEG}}}{W_{\mathit{copolymer}}} \times 20$$where W~PEG~/W~Copolymer~ is weight ratio of the hydrophilic PEG block to the whole copolymer. In general, copolymers with high hydrophobicity have an HLB value that tends to zero, and copolymers with high hydrophilicity have an HLB value close to 20. All copolymers present an HLB value ranging from 13.7 to 16.9 as shown in [Table 1](#t0005){ref-type="table"}. The HLB value strongly affects the dissolving behavior. PEG~10k~-PTMC~1.8k~-DA copolymer with an HLB of 16.9 is quickly dissolved, and the solution appears totally transparent. In contrast, the dissolution process of PEG~6k~-PTMC~2.7k~-DA copolymer with an HLB of 13.7 is long and requires stirring. These findings are consistent with the literature data ([@b0120]).

All the triblock copolymers and PEG-DA are semi-crystalline polymers. PEG~6k~-DA exhibits a T~m~ at 57.1 °C with a melting enthalpy (ΔH~m~) of 164.7 J/g. The T~m~ decreases to at 52.5 and 52.3 °C, and the ΔH~m~ to 108.4 and 76.9 J/g for PEG~6k~-PTMC~1.7k~-DA and PEG~6k~-PTMC~2.7k~-DA, respectively. The longer the PTMC block, the lower the T~m~ and ΔH~m~ values. In fact, attachment of PTMC blocks disfavors the crystallization of the central PEG block and thus leads to lower T~m~ and ΔH~m~. Similar findings are obtained for PEG~10k~-DA and corresponding copolymers. The DSC data are summarized in [Table 1](#t0005){ref-type="table"}.

As a water soluble photo-initiator, LAP was synthesized in a two-step process as previously described in literature ([@b0080]). Dimethyl phenylphosphonite first reacted with 2,4,6-trimethylbenzoyl chloride via Michaelis-Arbuzov reaction, followed by reaction with lithium bromide to yield LAP. [Fig. 2](#f0010){ref-type="fig"} shows the ^1^H NMR spectrum of LAP in D~2~O. The signals at 1.96 (a, 6H), 2.18 (b, 3H), 6.83 (c, 2H), 7.42 (d, 2H), 7.51 (e, 1H), and 7.66 (f, 2H) demonstrated the successful synthesis of the photo-initiator with expected chemical structure. The yield of the reaction was nearly 100%.Fig. 2^1^H NMR spectrum of LAP in D~2~O.

3.2. Preparation and characterization of hydrogels {#s0080}
--------------------------------------------------

PEG-PTMC-DA and PEG-DA hydrogels were formed by photo-crosslinking via visible-light initiation using LAP as water-soluble initiator. [Fig. 3](#f0015){ref-type="fig"} schematically illustrates the formation of PEG-PTMC-DA hydrogels. Both LAP and PEG-PTMC-DA are dissolved in water. As the triblock copolymer has functional acrylate groups at both chain ends, the double bonds of acrylate are opened in the presence of LAP under irradiation of visible light, thereby coupling the copolymer chains to form a hydrogel network. It is noteworthy that diblock copolymers with only one acrylate chain end cannot form a network.Fig. 3Schematic illustration of the formation of PEG-PTMC-DA hydrogel network by photo-crosslinking via visible light irradiation using LAP as photo-initiator.

The formed PEG~6k~-DA and PEG~10k~-DA hydrogels were soft and transparent, and could be easily injected through an 18G syringe. PEG~6k~-PTMC~1.7k~-DA and PEG~10k~-PTMC~1.8k~-DA hydrogels with short PTMC blocks appeared whitish and slightly elastic, and could be injected through an 18G syringe ([Fig. S2](#s0130){ref-type="sec"}). In the case of PEG~6k~-PTMC~2.7k~-DA and PEG~10k~-PTMC~3.2k~-DA hydrogels with long PTMC blocks, they appeared whitish and highly elastic, and could be hardly injected through an 18G syringe. LAP was selected as photo-initiator because of its outstanding biocompatibility and water solubility. Moreover, cross-linking using visible light is much safer as compared to commonly used UV cross-linking (405 nm), and is thus most beneficial for medical applications.

The swelling properties of the various hydrogels were investigated by soaking as-obtained hydrogels in PBS for 48 h. PEG~6k~-DA hydrogel exhibits a swelling ratio of 2490%, as shown in [Table 1](#t0005){ref-type="table"}. With attachment of PTMC block, the swelling ratio decreases to 1780 and 1340% for PEG~6k~-PTMC~1.7k~-DA and PEG~6k~-PTMC~2.7k~-DA hydrogels, respectively. The higher the PTMC block length, the lower the degree of swelling. In the case of the PEG10K based hydrogels, PEG~10k~-DA hydrogel exhibits a swelling ratio of 5780%, which is much higher than that of PEG~6k~-DA hydrogel. This difference could be assigned to the lower Mn and higher DS of acrylated PEG~6k~-DA as compared to PEG~10k~-DA which lead to higher crosslinking density, and thus to lower swelling of PEG~6k~-DA hydrogel. Attachment of PTMC block also leads to lower swelling degree as in the case of PEG~6k~ based hydrogels ([Table 1](#t0005){ref-type="table"}). Thus the degree of swelling can be tailored by varying the M~n~ of PEG and the PTMC block length to meet the requirements of various applications.

On the other hand, the degree of weight loss was determined as non-crosslinked species were removed during swelling. PEG~6k~-DA hydrogel exhibits a weight loss of 29.7% ([Table 1](#t0005){ref-type="table"}), whereas the weight loss of PEG~6k~-PTMC~1.7k~-DA and PEG~6k~-PTMC~2.7k~-DA is 23.7 and 11.6%, respectively. The higher the PTMC block length, the lower the degree of weight loss. In the case of the PEG10K based hydrogels, PEG~10k~-DA hydrogel exhibits a weight loss of 38.6%, which is higher than that of PEG~6k~-DA hydrogel. This difference could be to the lower DS of acrylated PEG~10k~-DA as compared to PEG~6k~-DA as shown in [Table 1](#t0005){ref-type="table"}. Lower DS leads to less crosslinking density, and thus to higher weight loss. On the other hand, the degree of weight loss decreases with increase in the PTMC block length of the copolymers. Therefore, the weight loss of hydrogels during swelling mainly depends on the DS or crosslinking density, and on the hydrophobic block length of copolymers.

The morphology of freeze dried hydrogels was examined by SEM microscopy. The images of PEG~10K~ based hydrogels are shown in [Fig. 4](#f0020){ref-type="fig"}. All hydrogels exhibit a highly porous structure. The pore size varies approximately from 20 to 100 µm. The wall surface of dried gels appears rather rough with folds for PEG~10k~-PTMC~3.2k~-DA ([Fig. 4](#f0020){ref-type="fig"}A) and PEG~10k~-PTMC~1.8k~-DA ([Fig. 4](#f0020){ref-type="fig"}B). In contrast, PEG~10k~-DA seems to have a smooth surface ([Fig. 4](#f0020){ref-type="fig"}C). This difference could be attributed to the amphiphilic nature of the copolymers. Also, the wall of PEG~10k~-DA appears thinner than that of PEG~10k~-PTMC~3.2k~-DA and PEG~10k~-PTMC~1.8k~-DA, in agreement with higher swelling of the former. Similar finding are obtained for PEG~6K~ based hydrogels ([Fig S3](#s0130){ref-type="sec"}).Fig. 4SEM images of PEG~10k~-PTMC~3.2k~-DA (A), PEG~10k~-PTMC~1.8k~-DA (B) and PEG~10k~-DA hydrogel (C).

3.3. Biocompatibility of hydrogels {#s0085}
----------------------------------

### 3.3.1. MTT assay {#s0090}

MTT assay is used to evaluate the cytotoxicity of biomaterials *in vitro*, using L929 cell line. [Fig. 5](#f0025){ref-type="fig"} shows the morphology of cells after 72 h co-culture with extracts of PEG~6k~-PTMC~1.7k~-DA and PEG~10k~-PTMC~1.8k~-DA freeze dried hydrogels in comparison with the negative and positive controls. Typically fibroblasts exhibit a fusiform or flat polygonal structure with clear cell contour. This is the case of cells after co-culture with the hydrogel extracts and the negative control, as shown in [Fig. 5](#f0025){ref-type="fig"}A, B, and C. Cells co-cultured with 0.05% phenol are round in shape and smaller in number ([Fig. 5](#f0025){ref-type="fig"}D). Cell morphology observation shows that both hydrogels have no adverse effects on cell growth.Fig. 5Morphological observation of L929 cells after 72 h co-culturing with extracts of PEG~6k~-PTMC~1.7k~-DA (A), PEG~10k~-PTMC~1.8k~-DA (B) as compared to negative control (C) and positive control (D).

[Fig. 6](#f0030){ref-type="fig"} presents the cell viability data after culture in extracts of hydrogels for 24, 48 and 72 h. The RGR value of the positive control is 12% which is quite low compared to the negative control (100%). In contrast, the RGR ranges from 93% to 102% for all PEG-PTMC-DA and PEG-DA hydrogel extracts at different concentrations. It is noteworthy that even at the longest incubation time, all the RGR values are above 93%. Thus the cytotoxicity levels are 0 or 1 for all hydrogel extracts. According to the United States Pharmacopeia Standards, it is concluded that PEG-PTMC-DA and PEG-DA hydrogels are not toxic to L929 cells; and can be used as potential biomedical materials.Fig. 6Relative growth ratio of L929 cells after 24 h (A), 48 h (B) and 72 h (C) incubation with extracts of hydrogels at different concentrations compared to negative and positive controls.

### 3.3.2. Hemolysis test {#s0095}

Hemolysis test is widely used as a screening method of biomaterials as it allows to detect the breaking open of red blood cells (RBC) in contact with a material. Broken RBC will release hemoglobin into the blood that could lead to deformation of platelets and coagulation in vivo. Hemolysis ratio (HR) is used to quantify the degree of damaged RBC.

[Table 2](#t0010){ref-type="table"} lists the OD values and hemolysis ratios of PEG-PTMC-DA and PEG-DA hydrogels. The values of the negative and positive controls are within the range recommended by the Standard ISO 10993-4. In general, HR values below 5% are acceptable for biomedical applications. This is the case of all the hydrogel samples whose HR values are in the range from 1.62 to 2.56%.Table 2Hemolysis ratios of extracts of PEG-DA and PEG-PTMC-DA hydrogels.SampleOD valueHemolysis ratio (%)Saline0.027 ± 0.007Negative controlH~2~O0.77 ± 0.016Positive controlPEG~6k~-DA0.046 ± 0.0052.56 ± 0.67PEG~6k~-PTMC~1.7k~-DA0.046 ± 0.0032.56 ± 0.40PEG~6k~-PTMC~2.7k~-DA0.045 ± 0.0062.42 ± 0.81PEG~10k~-DA0.045 ± 0.0082.42 ± 0.11PEG~10k~-PTMC~1.8k~-DA0.039 ± 0.0051.62 ± 0.67PEG~10k~-PTMC~3.2k~-DA0.044 ± 0.0022.29 ± 0.27

### 3.3.3. Dynamic clotting time {#s0100}

Dynamic clotting time was used to assess the degree of activated endogenous clotting factors and the effect of hydrogels on clotting time when they are in contact with blood.

[Fig. 7](#f0035){ref-type="fig"} illustrates the absorbance changes of hydrogel extracts compared to the positive and negative controls. The time at which the absorbance reaches 0.01 and 0.1 is generally defined as the whole clotting time and the initial blood setting time. The positive control exhibited the lowest absorbance throughout the test period up to 140 min. All the test samples showed the same trend, and the absorbance gradually decreased with time. The negative control exhibited slightly higher absorbance than the test samples until 100 min. The initial blood setting time of PEG-PTMC-DA and PEG-DA hydrogels varies from 50 to 60 min which is close to that of the negative control (70 min), but significantly longer than that of the positive control (18 min). Meanwhile, the whole clotting time of hydrogels and controls is at the same level (180 min). The dynamic clotting time tests illustrated that the extracts of hydrogels did not interplay with fibrinogen in blood, in agreement with outstanding anti-coagulant propertiesFig. 7OD value changes of hydrogel extracts as a function of time in comparison with the controls.

3.4. *In vitro* drug release {#s0105}
----------------------------

DOX loading in PEG-PTMC-DA and PEG-DA hydrogels was realized by soaking dried gels in a DOX solution at 5.0 mg/mL. The drug loading efficiency was determined from the total amounts of released drug and residual drug in the gels to that of the initially added drug. [Fig. 8](#f0040){ref-type="fig"} shows the drug loading efficiency of the 6 hydrogels. PEG~6k~-DA hydrogel presents a drug loading of 70.0%. With the attachment of PTMC blocks, the drug loading decreased to 64.0% and 51.6% for PEG~6k~-PTMC~1.7k~-DA and PEG~6k~-PTMC~2.7k~-DA, respectively. Apparently, the drug loading capacity is closely related to the swelling degree of hydrogels. Higher swelling degree of hydrogels leads to higher drug loading as they can absorb more drug solution. In the case of PEG~10k~ based hydrogels, PEG~10k~-DA presents a drug loading of 73.4% which is higher than that of PEG~6k~-DA. Attachment of PTMC blocks also leads to decrease of drug loading, in agreement with lower swelling degree.Fig. 8Drug loading efficiency of PEG-PTMC-DA and PEG-DA hydrogels.

[Fig. 9](#f0045){ref-type="fig"} shows the cumulative drug release presents of all the drug loaded hydrogels as a function of time. Two stages are clearly distinguished. A strong burst is observed during the first 24 h, followed by slower release up to 15 days. PEG~10k~-DA hydrogel presents the highest release ratio during the whole release period. An initial burst of 82% at 24 h and almost complete release of 97.5% at 15 days are detected. PEG~6k~-PTMC~2.7k~-DA exhibits the slowest release rate with an initial burst of 69.8% and a final release of 80.6%. Intermediate drug release rates are observed for the other hydrogels. Apparently the drug release rate is strongly related to the swelling ratio. Higher swelling leads to faster drug release. In fact, the drug release mechanism of hydrogel mainly depends on drug diffusion and degradation or disintegration of hydrogel network. In this work, drug diffusion is the main release mechanism as no degradation of hydrogels is observed during the release period. In fact, PTMC hardly undergoes hydrolytic degradation in the absence of enzymes ([@b0185]). The amounts of released drug from the various hydrogels are shown in [Fig. S4 and S5](#s0130){ref-type="sec"}, taking into account the different drug loading contents. The same trend is observed as that shown in [Fig. 9](#f0045){ref-type="fig"}.Fig. 9Drug release profiles of DOX-loaded PEG-PTMC-DA and PEG-DA hydrogels.

3.5. *In vitro* anticancer activity {#s0110}
-----------------------------------

PEG~6k~-PTMC~1.7k~-DA and PEG~10k~-PTMC~1.8k~-DA hydrogels with short PTMC blocks are easily injectable through a syringe. They were selected to evaluate the effect of drug loaded hydrogels on proliferation of SK-BR-3 tumor cells by SRB assay. Blank hydrogels were investigated at weights of 0.5, 1.0 and 2.0 mg which correspond to those of drug loaded hydrogels. Proliferation of cells cultured with blank hydrogels was comparable with that of the control. Even the highest concentration of PEG-PTMC-DA hydrogel had no negative effect on the growth of SK-BR-3 cells that is shown in [Fig. S6](#s0130){ref-type="sec"}, in agreement with the results obtained by MTT assay on murine fibroblasts ([Fig. 6](#f0030){ref-type="fig"}).

The proliferation of SK-BR-3 cells was analyzed in the presence of various amounts of free drug in a range of 15.0--50.0 μg, and drug loaded PEG~6k~-PTMC~1.7k~-DA and PEG~10k~-PTMC~1.8k~-DA hydrogels. The initial drug loading of PEG~6k~-PTMC~1.7k~-DA and PEG~10k~-PTMC~1.8k~-DA hydrogels was 62 and 65 μg/mg, and the amounts of hydrogel added to each well were 0.5 and 1.0 mg, respectively. Taking into account the cumulative drug release of 79% and 77% during the first 3 days ([Fig. 9](#f0045){ref-type="fig"}), the drug weight in PEG~6k~-PTMC~1.7k~-DA and PEG~10k~-PTMC~1.8k~-DA hydrogels was estimated 24.5 and 49.0, and 25.0 and 50.0 μg in each well, respectively. As shown in [Fig. 10](#f0050){ref-type="fig"}, free DOX at different concentrations and drug loaded hydrogels significantly reduced SK-BR-3 tumor cell proliferation compared to the untreated cells (Control). Viability of cells decreased from 6.16 to 3.20% with increasing free drug content from 15.0 to 50.0 μg. Similarly, significant cytotoxicity of drug loaded hydrogels was observed (decrease of cell viability from 4.17 to 3.20%, and from 4.21 to 3.23% with increasing drug content from 24.5 to 49.0 μg, and from 25.0 to 50.0 μg for DOX loaded PEG~6k~-PTMC~1.7k~-DA and PEG~10k~-PTMC~1.8k~-DA hydrogels, respectively). Therefore, drug loaded hydrogels exhibit comparable cytotoxic effect on SK-BR-3 tumor cells with free drug.Fig. 10Effect of free doxorubicin (A) and doxorubicin loaded in PEG~6k~-PTMC~1.7k~-DA (B) and PEG~10k~-PTMC~1.8k~-DA (C) loaded hydrogel on proliferation of SK-BR-3 cells (*P* \< 0.05 versus the control group).

4. Conclusion {#s0115}
=============

In this study, in situ forming hydrogels were prepared by photo-crosslinking diacrylated PEG-PTMC-DA and PEG-DA copolymers using LAP as photo-initiator, and characterized. The degree of swelling and weight loss of hydrogels are dependent on the degree of substitution of chain ends and PTMC block length. Higher degree of substitution and longer PTMC block length lead to lower degree of swelling and weight loss. Meanwhile, freeze dried hydrogels exhibit a highly porous structure with pore size approximately ranging from 20 to 100 µm. MTT assay, hemolysis test, and dynamic clotting time measurements show that the hydrogels present outstanding cyto- and hemocompatibility. Finally, drug loading and drug release behaviors of the hydrogels with various compositions were investigated using DOX as a hydrophilic model drug. And the effect of drug loaded hydrogels on SK-BR-3 tumor cells was evaluated in comparison with free drug. Similar cytotoxicity was obtained for drug loaded hydrogels and free drug at comparable drug concentrations. It is thus concluded that injectable PEG-PTMC-DA hydrogels could be a promising bioresorbable carrier of hydrophilic drugs.
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